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This  paper  describes  the  effect  of  addition  of 2  wt%  of  CuO,  30 mol%  BaO–70  mol%  CuO  and  BaCuO2 liquid
phase  sintering  aids on  the  densiﬁcation,  microstructure  and  magnetic  properties  of  BaFe12O19 ceramics.
Addition  of  the  sintering  aids  enabled  reduction  of  the  sintering  temperature  from  1250 ◦C to 1100 ◦C.
The  sintering  aids  caused  abnormal  grain  growth  in  ceramics  sintered  at 1100 ◦C, with  CuO having  the
strongest  effect.  All  samples  sintered  at 1250 ◦C showed  abnormal  grain  growth.  Addition  of  CuO  andeywords:
aFe12O19
iquid phase sintering
uO
rain growth
BaO–CuO  caused  the grain  size  distribution  to shift  to larger  values  compared  to  the  sample  without
sintering  aid.  The  effect  of the sintering  aids  on  grain  growth  behavior  is explained  using  the  interface-
reaction  control  theory  of grain  growth.  The  increase  in  grain  size  caused  a reduction  in coercivity  of  the
samples  with  sintering  aid addition,  particularly  in  the  samples  sintered  at 1100 ◦C.
© 2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
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. Introduction
The M-type hexaferrites can be generally represented as
MeO·6Fe2O3) where Me  is a metal such as Ba, Sr, Pb or a mixture.
he hexagonal barium hexaferrite (BaFe12O19) is known as a hard
agnetic material with high coercivity and large saturation mag-
etization [1]. It is used in high frequency microwave technology,
agnetic recording media and as a permanent magnetic material
2]. Although this material has a wide range of commercial appli-
ations, it is difﬁcult to sinter to high density and needs a long
intering time. Commercially, the sintering temperature should be
educed while maintaining high density and good magnetic prop-
rties.
The sintering temperature can be reduced by the addition of
intering aids which melt to form a liquid phase. For a liquid phase
intering aid to be effective, the solid phase should be partially sol-
ble in the liquid phase to aid mass transport. Wetting of the liquid∗ Corresponding author. Tel.: +82 62 530 1702; fax: +82 62 530 1699.
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n the solid grains provides a capillary force that pulls the grains
ogether and promotes densiﬁcation. A high diffusion rate of the
olid phase in the liquid can give fast sintering or lower sintering
emperatures.
Bi2O3 [3], B2O3 [4] and BaCu(B2O5) [5] have previously been
sed as liquid phase sintering aids for barium hexaferrite. In the
resent study, low temperature sintering of barium hexaferrite
as carried out by the addition of different CuO-based sintering
ids (CuO, BaCuO2, BaO–CuO eutectic compound) to BaFe12O19.
hese sintering aids have lower melting points than the sintering
emperature of single phase barium ferrite [6,7]. Therefore, they
asily form a liquid phase during sintering that could promote
aterial diffusion and densiﬁcation. CuO was previously added
s a solid state sintering aid for M-type hexaferrites of formula
a1−zSrzCuxFey−xO19−ı (z = 0 or 0.5, x = 0–1.0, and y = 11–12) [8]. The
uO enhanced low-temperature sintering through the formation of
 liquid phase. The BaO–CuO eutectic compound has previously
een used successfully as a sintering aid for BaTiO3 [9]. In the
resent study, the effect of sintering aid addition on the densities,
hase identiﬁcation, microstructure and magnetic properties of the
amples were examined.
. Experimental
M-type barium hexaferrite BaFe12O19 powder (99.2%, supplied
y LG Innotek Co. Ltd., LG Components R&D Center) was  mixed
ith 2 wt% of the following sintering aids: CuO (Alfa Aesar 99.7%),
 30 mol% BaO–70 mol% CuO eutectic compound and BaCuOx
Alfa Aesar, BaO–CuO 1:1 ratio compound, 99.9%). The eutectic
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2CuO → 2Cu′Fe + 2OO + V••O (1)
A slight expansion in the lattice would be expected for the sam-
ple with CuO addition, but a reduction in the unit cell parameters
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ompound was formed by mixing appropriate amounts of BaCO3
Alfa Aesar 99.8%) and CuO, followed by calcination at 850 ◦C for
0 h. CuO forms a eutectic with BaO at approximately 900–930 ◦C
6,7]. Mixing was carried out by ball milling in ethanol with stain-
ess steel media in polypropylene jars for 24 h. After evaporating
he ethanol with a hot plate and stirrer, the powder was ground
n an agate mortar and pestle and sieved to pass a 180 m mesh.
he BaFe12O19 powder without sintering aids was  also ball-milled
s above. Powders were pressed in a stainless steel die of 10 mm
iameter to form pellet-shaped samples. The samples were then
old isostatically pressed at a pressure of ∼147 MPa  (1500 kgf).
Samples were sintered in the temperature range 900–1300 ◦C
or 3 h with heating and cooling rates of 5 ◦C min−1. To reduce Ba
olatilization, samples were buried in BaFe12O19 (Kojundo, 99%)
acking powder in a double alumina crucible with lids. The den-
ity of sintered samples was measured by using the Archimedes
rinciple. The crystalline and phase structures of sintered samples
ere investigated by powder X-ray diffraction (XRD) with CuK
adiation (PANalytical X’Pert PRO, PANanalytical BV, Alemo, The
etherlands) with the diffraction angle 2 in the range from 10◦
o 90◦, a 0.02◦ step size and scan speed of 3◦ min−1. For measure-
ent of unit cell parameters, Si (99.9% Alfa Aesar) was added to
he powder samples as an internal standard. XRD was repeated
D/MAX Ultima III, Rigaku, Tokyo, Japan) in the range from 10◦ to
0◦, a 0.02◦ step size and scan speed of 1◦ min−1. The samples sin-
ered at 1100 ◦C and 1250 ◦C were selected for polishing to a 1 m
nish and were thermally etched. The microstructure of BaFe12O19
amples was analyzed using scanning electron microscopy (Hitachi
-4700 FESEM, Hitachi High-Tech, Tokyo, Japan) ﬁtted with an
nergy dispersive X-ray spectrometer with standardless quantiﬁ-
ation (EMAX Energy EX-200, Horiba, Kyoto, Japan). Grain size
istributions of the samples were evaluated from the SEM micro-
raphs using an image analysis program (UTHSCSA Image Tool, The
niversity of Texas Health Science Centre in San Antonio, USA).
he magnetic measurements were characterized at room temper-
ture using a vibrating sample magnetometer (VSM, Riken Denshi,
apan).
. Results
.1. Phase identiﬁcation
The XRD patterns of the BaFe12O19 samples both without and
ith sintering aids sintered at 1100 ◦C and 1250 ◦C for 3 h are shown
n Fig. 1. All the samples contain BaFe12O19 as the main phase
nd can be indexed with ICDS card # 74-1121. BaFe12O19 has the
exagonal crystal structure (space group P63/mmc). All the samples
intered at 1100 ◦C are single phase (Fig. 1(a)). The sintering aid-
ree sample sintered at 1250 ◦C contains a minor peak at 56.75◦
hich may  belong to a secondary phase of magnetite Fe2.957O4
ICDS card # 86-1349). All the samples sintered at 1250 ◦C con-
ain a minor peak just above 30◦. In the sample without sintering
id and the CuO-added sample, this peak can be indexed with ICDS
ard # 27-1030 for BaFe2O4. For the samples with BaO–CuO and
aCuO2 addition, it is not clear if this peak belongs to BaFe2O4 or
aFe12O19. There are small shifts in the peak positions of the sam-
les with sintering aid addition, indicating a change in unit cell
arameters.
Fig. 2 shows the change in unit cell parameters for sam-
les sintered at 1100 ◦C without and with sintering aids. The
 unit cell parameter decreases with addition of the CuO and
aO–CuO sintering aids, and then increases again with addition
f BaCuO2. The c unit cell parameter decreases with addition of
uO, and then increases for the samples with BaO–CuO and BaCuO2ig. 1. X-ray diffraction patterns of BaFe12O19 without and with addition of sintering
ids after sintering at (a) 1100 ◦C and (b) 1250 ◦C for 3 h.
ddition. The changes in unit cell parameters indicate that CuO
nd BaO are forming a solid solution in the BaFe12O19 lattice.
rom a comparison of ionic radii, Cu probably substitutes for Fe in
he lattice (Ba2+r6 = 0.135 nm,  Fe3+r6 = 0.065 nm,  Fe3+r4 = 0.049 nm,
u2+r6 = 0.073 nm,  Cu2+r4 = 0.057 nm,  Cu3+r6 = 0.054 nm [10]). Cu
an substitute for Fe according to the following defect reaction:2.319 50.588 7
No sinte ring aid CuO BaO-CuO BaCuO₂
Fig. 2. Unit cell parameters for samples sintered at 1100 ◦C.
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s observed. This may  be due to the formation of the charge-
ompensating oxygen vacancies or to oxidation of Cu2+ to Cu3+
ccording to the following reaction:
Cu′Fe + V••O +
1
2
O2(g) → 2CuFe + OO (2)
Addition of excess BaO is expected to cause an increase in
he unit cell parameters due to incorporation of BaO into large
nterstices in the unit cell [11]. Addition of 30 mol% BaO–70 mol%
uO sintering aid causes an increase in the c unit cell parameter
compared to the sample with CuO addition) but the a unit cell
arameter continues to decrease. Only with addition of BaCuO2 do
oth a and c unit cell parameters increase. For the sample with
aCuO2 addition, the c unit cell parameter is almost equal to that
f the sample without sintering aid addition, but the a unit cell
arameter is lower. This indicates that BaO and CuO enter the lat-
ice together and that the effect of CuO on the lattice parameters is
artially cancelled out by the effect of BaO.
There are noticeable changes in the peak intensities of the dif-
erent samples. This may  be an artifact caused by pressing of the
owder samples for XRD. As the grains have a plate-like mor-
hology, they may  align along certain directions during pressing,
eading to increased peak intensities.
.2. Density
Fig. 3 shows the density of samples without and with sinter-
ng aids as a function of sintering temperature between 900 ◦C and
300 ◦C. Each data point represents the average value of nine mea-
urements (3 samples for each sintering condition, each sample
easured three times). The standard deviation of the measure-
ents is shown as error bars. In all cases, the standard deviation is
1% and the error bars are smaller than the symbols. In the tem-
erature range 900–1200 ◦C, it was found that the density of the
3
t
Fig. 4. SEM images of BaFe12O19 sintered at 1100 ◦C for 3 h: (a) no sintering aid, (bFig. 3. Archimedes densities of sintered BaFe12O19 samples.
amples without sintering aid was  lower than that of the sinter-
ng aid-added samples. For example at 1100 ◦C, sample density for
aFe12O19 without sintering aid was  79.1% while the density of
he sample with BaO–CuO addition reached 96.7% theoretical den-
ity. The samples with CuO and BaCuO2 addition had slightly lower
ensity (95% theoretical density at 1100 ◦C). However, when the
intering temperature was higher than 1200 ◦C, the sintering aid-
ree samples had a higher density than the samples with sintering
id addition..3. Microstructure
SEM micrographs of samples without and with sintering aid sin-
ered at 1100 ◦C are shown in Fig. 4. Grain size distributions are
) CuO sintering aid, (c) BaO–CuO sintering aid and (d) BaCuO2 sintering aid.
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Fig. 5. Grain size distributions of
hown in Fig. 5. The sample without sintering aid in Fig. 4(a) dis-
lays a small grain size (∼0.5–1 m radius). The CuO-added sample
n Fig. 4(b) shows abnormal grain growth with many large grains
radius up to ∼35 m (Fig. 5)) as well as small matrix grains. The
ample with BaO–CuO addition shows less abnormal grain growth
ompared to the CuO-added sample (Figs. 4(c) and 5). In addition,
he matrix grains have grown to a radius of ∼2 m.  The sample
ith BaCuO2 addition is similar to the sample with BaO–CuO, but
hows fewer abnormal grains (Figs. 4(d) and 5). The sample with
aCuO2 addition contains small amounts of a second phase sev-
ral microns in diameter (not shown in Fig. 4(d)). This phase was
xamined by EDS and found to have an approximate composition
f BaFe6O25 (Table 1). A phase with the BaFe6O25 composition does
ot exist in the BaO–Fe2O3 phase diagram [12] but the interaction
olume for EDS can be several microns in diameter [13] and so the
hemical analysis of this second phase may  include signals from the
egion below the second phase. EDS of an abnormal grain showed
t to have the BaFe12O19 composition. EDS of a matrix grain also
howed it to have the BaFe12O19 composition, within the limits of
rror for EDS analysis [13].
As shown in Fig. 6, all samples sintered at 1250 ◦C showed
bnormal grain growth where some large grains grow rapidly
n a matrix of ﬁne grains. Grain size distributions are shown in
ig. 7. Addition of CuO increases the size of the abnormal grains
Fig. 6(b)), broadening the grain size distribution (Fig. 7). BaO–CuO
able 1
DS analysis of BaCuO2-added BaFe12O19 sample sintered at 1100 ◦C for 3 h.
Region Composition (at%) BaFe12O19 nominal
composition (at%)
Second phase 3% Ba 3% Ba
18% Fe 38% Fe
79% O 60% O
Abnormal grain 3% Ba 3% Ba
35% Fe 38% Fe
62% O 60% O
Matrix grain 4% Ba 3% Ba
32% Fe 38% Fe
65% O 60% O
s
B
r
f
a
T
M
w2O19 sintered at 1100 ◦C for 3 h.
ddition does not have much effect on the abnormal grain size
nd grain size distribution compared with the CuO-added sample
Figs. 6(c) and 7), but addition of BaCuO2 decreases the abnormal
rain size (Fig. 6(d)), making the grain size distribution slightly
arrower (Fig. 7).
.4. Magnetic properties
By using a VSM with a magnetic ﬁeld of 15 kOe, the magnetic
ysteresis loops of samples sintered at 1100 ◦C and 1250 ◦C have
een characterized and shown in Fig. 8. Measurements have been
aken with the magnetic ﬁeld perpendicular to the sample face.
n addition, the coercivity, saturation magnetization and rema-
ent magnetization are shown in Table 2. For the hysteresis loops
f the samples sintered at 1100 ◦C, the sample without sintering
id addition displays a typical broad hysteresis loop (Fig. 8(a)).
he CuO-added sample shows a very narrow loop which is sim-
lar to the behavior of soft magnetic materials. The BaO–CuO and
aCuO2-added samples have wider loops that the CuO-added sam-
le, although not as wide as the sample without sintering aid
ddition. All the samples with sintering aids have pinched hystere-
is loops; this pinching is more pronounced for the BaO–CuO and
aCuO2-added samples. All the samples have similar values of satu-
ation magnetization. Remanent magnetization decreases sharply
or the CuO-added sample, then increases again for the BaO–CuO
nd BaCuO2-added samples.
able 2
agnetic properties of BaFe12O19 samples sintered at 1100 ◦C and 1250 ◦C with and
ithout sintering aids.
Sample HC (Oe) MS (emu/g) MR (emu/g)
No sintering aid, 1100 ◦C 4295 61 37
CuO sintering aid, 1100 ◦C 329 60 7
BaO–CuO sintering aid, 1100 ◦C 1504 61 18
BaCuO2 sintering aid, 1100 ◦C 1874 59 19
No sintering aid, 1250 ◦C 481 58 9
CuO sintering aid, 1250 ◦C 155 52 3
BaO–CuO sintering aid, 1250 ◦C 247 59 5
BaCuO2 sintering aid, 1250 ◦C 439 57 9
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Fig. 6. SEM images of BaFe12O19 sintered at 1250 ◦C for 3 h: (a) no sintering aid, (b) CuO sintering aid, (c) BaO–CuO sintering aid and (d) BaCuO2 sintering aid.
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All the samples sintered at 1250 ◦C have narrow hystere-
is loops (Fig. 8(b)). From the inset in Fig. 8(b), it can be seen
hat the sample without sintering aid addition has the widest
nd that the sample with CuO addition has the narrowest hys-
eresis loop. As CuO content in the sintering aid decreases,
t
o
f
112O19 sintered at 1250 ◦C for 3 h.
he hysteresis loops become wider. The saturation magnetiza-
ion of the CuO-added sample is noticeably smaller than that
f the other samples, which have similar values of MS. MR
ollows similar behavior to that of the samples sintered at
100 ◦C.
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. Discussion
.1. Densiﬁcation
From Fig. 3 it is clear that addition of CuO is very effective at
ncreasing the density of BaFe12O19 ceramics for sintering tem-
eratures as low as 1050 ◦C. CuO melts at 1326 ◦C, but reacts with
aO to form a liquid phase at 932 ◦C [7]. The CuO may  react with
aFe12O19 to form a liquid phase during sintering. CuO-based liq-
ids are known to be effective at penetrating grain boundaries and
romoting sintering in oxide systems [14–16]. The liquid phase
ay  promote mass transport and densiﬁcation by the contact ﬂat-
ening or pore ﬁlling mechanisms [17,18]. Recent work has also
hown that abnormal grain growth may  enhance densiﬁcation
y pore ﬁlling during liquid phase sintering [19]. Addition of the
aO–CuO sintering aid caused a small enhancement in densiﬁca-
ion at 1100 ◦C compared to CuO, but addition of BaCuO2 had no
ffect relative to CuO. Matrix grain growth during liquid phase sin-
ering is predicted to promote densiﬁcation by pore ﬁlling [17,18].
n cooling, the liquid phase may  crystallize to form a secondary
hase or may  solidify to form an amorphous phase at the grain
oundaries and triple junctions. No secondary phase was  detected
y XRD in the samples sintered at 1100 ◦C (Fig. 1(a)) but small
mounts of a secondary phase was identiﬁed by SEM (Fig. 4), indi-
ating that the liquid phase may  have crystallized on cooling. In
ddition, the change in unit cell parameters (Fig. 2) shows that at
east a little of the sintering aid has entered the BaFe12O19 crystal
attice to form a solid solution.
According to these density results, CuO, BaO–CuO and BaCuO2
intering aids were suitable for lowering the sintering temperature
f barium ferrite to 1100 ◦C. However, for the samples sintered at
1200 ◦C, addition of the sintering aids has a detrimental effect on
ensity (Fig. 6). This may  be due to volatilization of the sintering
ids at higher temperatures and excessive abnormal grain growth.
ores can become trapped inside the rapidly growing abnormal
rains and are then very difﬁcult to remove [20]. Pore coalescence
uring grain growth can cause pore swelling, further reducing den-
ity [21]. In addition, the large plate-shaped grains do not ﬁll space
fﬁciently.
.2. Abnormal grain growth in BaFe12O19
From Figs. 4 and 6, it can be seen that the grains have faceted
oundaries. When grain boundaries of materials were faceted,
bnormal grain growth occurred [22–25]. For a system with faceted
oundaries, Kang proposed that the mobility of a facet was  not con-
tant but varied with the driving force for grain growth and that
t
n
h
H (Oe)
50 ◦C (H perpendicular). Inset in (b) shows magniﬁed region at the origin.
bnormal grain growth could be explained by the interface reaction
ontrolled growth mechanism [26,27]. For a single crystal grow-
ng from a solution by interface reaction controlled growth, solute
toms can only attach on a low-energy site such as a 2D nucleus
r screw dislocation. For growth by 2D nucleation and growth, the
rowth rate R is given by [28]:
R ∼= st exp
(
−Vm2
6gvhkT
)
(3)
here st = step velocity of the growing nucleus, Vm the molar
olume of the solid phase,  = edge free energy of the nucleus,
gv = the volumetric driving force, h = step height of the nucleus,
 = Boltzman’s constant and T = absolute temperature. For a sit-
ation where grains are growing in a liquid phase by Ostwald
ipening, gv can be replaced by the driving force for grain growth
29,30]:
g  = 2Vm
(
1
r∗
− 1
r
)
(4)
here  is the solid–liquid interfacial energy, some r* the radius
f a critical grain which is neither growing nor shrinking (usually
aken to be the mean grain radius) and r the radius of the grain of
nterest.
According to Eqs. (3) and (4), the growth rate of a grain will be
ery slow below a critical driving force gC and then will increase
xponentially for grains with driving forces > gC (Fig. 9). For grains
ith g  > gC, the grain growth rate is now limited by diffusion of
olute atoms through the liquid phase to the growing grain, and
he grain growth rate becomes a linear function of g. The critical
riving force gC is given by [28]:
gC =
2
3kTh
(5)
The value of step free energy  and hence the value of gC can be
hanged by changing temperature [31,32], dopant addition [22,25]
r by changing the sintering atmosphere [22,25,33]. Depending
n the relative values of gC and the driving force gmax for the
argest grain in the system, stagnant, abnormal or pseudo-normal
rain growth can take place [26,27]. The type of grain growth can
lso change with sintering time due to changes in the mean grain
ize and gmax. Similar behavior also occurs in solid-state sintered
ystems [27,34].
For the sintering aid-free BaFe12O19 sample sintered at 1100 ◦C,
he grains are all micron-sized and signiﬁcant grain growth has
ot taken place (Fig. 4(a)). None of the grains are large enough to
ave g  > gC and so cannot grow rapidly (the curve marked “High
” in Fig. 9). When CuO is added to BaFe12O19 it may  react with
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(95–97%). In addition, the presence of sintering aids caused abnor-ig. 9. Grain growth rate vs. driving force for 2D nucleation-controlled growth [33].
aFe12O19 to form a CuO-rich liquid phase [7]. This liquid phase
ay  promote rapid grain growth by promoting diffusion across
he grain boundaries [35] and by lowering the step free energy and
gC (Eq. (5) and the curve marked “Medium ” in Fig. 9). Some
f the grains will now have g  > gC and so can grow rapidly to
orm abnormal grains. These grains can grow until they impinge on
nother abnormal grain, in which case g  will decrease rapidly to
elow gC and grain growth will stop.
Addition of the 30 mol% BaO–70 mol% CuO eutectic mixture will
lso produce a liquid phase, as the mixture melts at ∼900–930 ◦C
7]. The increased BaO content in the liquid phase appears to cause
he step free energy to decrease further. The step free energy is now
ow enough for a large number of grains to have g  > gC. Many
rains grow and the grain growth behavior changes from abnormal
o pseudo-normal (Fig. 4(c) and the curve marked “Low ” in Fig. 9).
s grain growth takes place, the mean grain size r* increases, caus-
ng a decrease in g  for the growing grains (Eq. (4)). As the value
f g  for each growing grain drops below gC, it stops growing.
ventually, most of the matrix grains stop growing. A few grains
re large enough to still have g  > gC and these grains can now
row to form abnormal grains. This type of time-delayed abnormal
rain growth has been predicted [26,27] and has been observed
n the (K0.5Na0.5)NbO3 [33] and (Na0.5Bi0.5)TiO3–BaTiO3 systems
36]. Addition of BaCuO2 reduces the step free energy still further,
urther delaying the point at which abnormal grain growth starts
Fig. 4(d)).
Increasing the sintering temperature to 1250 ◦C causes a reduc-
ion in step free energy and hence gC [31,32]. Even in the sintering
id-free BaFe12O19, there will now be grains large enough to
ave g  > gC which can grow rapidly to form abnormal grains
Fig. 6(a)). Addition of CuO further promotes rapid grain growth by
he mechanisms discussed above (Fig. 6(b)). The BaO–CuO-added
ample has a similar microstructure to the CuO-added sample
Fig. 6(c)) but the BaCuO2-added sample has slightly smaller grains
han the other samples sintered at 1250 ◦C (Figs. 6(d) and 7).
m
t
ac Societies 1 (2013) 170–177
he reduced step free energy compared to the CuO-added sample
llows more grains to grow abnormally, limiting their ﬁnal size.
.3. The effect of sintering aids on the magnetic properties of
aFe12O19
BaFe12O19 has hexagonal crystal symmetry, with a major c-axis
nd a minor a-axis [2]. This material has a high magnetocrys-
alline anisotropy, with the easy direction of magnetization lying
long the c-axis [37]. Changes in magnetization in a polycrystalline
agnetic material are caused by rotation of domain magnetiza-
ion to align with the applied magnetic ﬁeld or by domain wall
otion [2]. Due to the high magnetocrystalline anisotropy, rota-
ion of domain magnetization will require considerable energy if
he domain magnetization has to move from the c-axis to an a-axis.
omain wall movement is more favorable. Domains with magne-
ization directions close to that of the applied ﬁeld grow, while
omains with magnetization directions pointing away from the
pplied ﬁeld shrink.
The size of a single domain in BaFe12O19 is ∼1 m [2]. In the
intering aid-free BaFe12O19 sample sintered at 1100 ◦C, the grain
ize is ∼1 m,  so each grain consists of a single domain (Fig. 4(a)).
n this case, changes in magnetization can only take place by rota-
ion of domain magnetization and so the ceramic is magnetically
ard with a typical broad M–H loop (Fig. 8(a)). In the sample with
uO addition, many large abnormal grains with multiple domains
xist (Fig. 4(b)). Changes in magnetization by domain wall move-
ent can take place more easily in these grains and so the M–H
oop becomes much narrower (Fig. 8(a)). Lisjak also found that
uO addition caused reduced coercivity [8]. In the BaO–CuO and
aCuO2-added samples (Fig. 4(c) and (d)), the number of abnormal
rains is reduced and so the M–H loops become broader again. The
inching in the loops is possibly caused by the coexistence of small
ingle-domain matrix and large multi-domain abnormal grains.
In all the samples sintered at 1250 ◦C, the grain size is very large
nd the M–H  loops are very narrow (Figs. 6 and 8(b)). It is well
nown that the coercive force HC in ferrites decreases when the
rain size increases [2,38,39]. This is due to pinning of the domains
y grain boundaries. The larger grain size means less grain bound-
ry area and less pinning. The CuO and BaO–CuO-added samples
ave the lowest coercivities due to their larger grain size (Table 2).
he sintering aid-free and BaCuO2-added samples have similar
rain size and coercivity.
The sample sintered at 1250 ◦C with addition of CuO has a
oticeably smaller saturation magnetization than the other sam-
les sintered at 1250 ◦C (Table 2). Although we only measured
he unit cell parameters for the samples sintered at 1100 ◦C, it
s likely that Cu2+ also enters the lattice at 1250 ◦C. Cu2+ has the
Ar]3d9 electron conﬁguration. It has one unpaired d-shell electron,
ompared to the 5 unpaired d-shell electrons of Fe3+. When Cu2+
ubstitutes for Fe3+ in the lattice, it therefore dilutes the magnetic
oment, leading to reduced MS. For the samples with BaO–CuO
nd BaCuO2 addition, less Cu is available to enter the lattice, and so
he diluting effect does not appear.
. Conclusion
The addition of 2 wt%  of sintering aids (CuO, BaCuO2, and
aO–CuO) to BaFe12O19 allowed a reduction in the sintering tem-
erature to 1100 ◦C while maintaining high theoretical densityal  grain growth in samples sintered at 1100 ◦C. The addition of
he sintering aids causes a reduction in step free energy, leading to
 change in grain growth behavior from stagnant to abnormal then
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